BACKGROUND. The human bone marrow (BM) niche contains a population of mesenchymal stromal cells (MSCs) that provide physical support and regulate hematopoietic stem cell (HSC) homeostasis. β-Thalassemia (BT) is a hereditary disorder characterized by altered hemoglobin beta-chain synthesis amenable to allogeneic HSC transplantation and HSC gene therapy. Iron overload (IO) is a common complication in BT patients affecting several organs. However, data on the BM stromal compartment are scarce.
Introduction β-Thalassemia (BT) is one of the most common inherited monogenic disorders in the world, with an overall carrier rate of 1.5% of the world population, and 60,000 BT symptomatic patients born per year (1, 2) . Mutations in the gene encoding for the human β-globin gene result in a reduction in or absence of the betaglobin chains, leading to the accumulation of unstable α-hemoglobin, which is responsible for the pathophysiology of the disorder (3) (4) (5) . Conventional treatment of BT relies on chronic and regular blood transfusions in association with iron-chelation therapy (6, 7) . However, complications caused by iron accumulation and hepcidin dysregulation due to expanded ineffective erythropoiesis still affect quality of life and represent a cause of death (8) (9) (10) (11) (12) . The only curative treatment for BT patients is receipt of an allogeneic hematopoietic stem cell (HSC) transplant from a compatible donor, which leaves half of the patients without a definitive cure due to unavailability of matched donors (13) (14) (15) (16) (17) (18) (19) . More recently, gene therapy (GT) with autologous HSCs modified ex vivo to restore β-globin expression has shown promising results in preclinical animal models and in clinical trials for BT (20) (21) (22) (23) (24) (25) , offering the possibility for a definitive cure to a large number of BT patients who lack a matched donor. In the transplant context, the presence of a functional bone marrow (BM) microenvironment capable of sustaining HSC engraftment, expansion, and differentiation is a fundamental requisite for a successful outcome (26) .
in the presence of a low number of MSCs (ratio 1:200) ( Figure  2A ). Next, we induced adipogenic and osteogenic differentiation and analyzed the induction of lineage determination and tissuespecific genes in HD-and BT-MSCs. BT-MSCs failed to efficiently differentiate into adipocytes and to form bone. In fact, whereas PPARg, a master regulator of adipogenesis, was similarly activated in HD-and BT-MSCs ( Figure 2B ), the expression of LPL and FABP4 was significantly impaired in BT-MSCs and correlated with reduced lipid droplet formation ( Figure 2B ). When we analyzed the capability of MSCs to form bone, we found that RUNX2 was efficiently activated in HD-MSCs, but not in BT-MSCs. As a consequence, SPARC and COL1A2 were downregulated in BT-MSCs, which failed to form mineralized bone ( Figure 2C ). Immunophenotypic analysis showed that ex vivo-expanded BT-and HD-MSCs expressed the canonical MSC markers CD105, CD90, and CD73. They lacked the expression of endothelial (CD31), hematopoietic (CD45, CD34), and monocyte/macrophage (CD14) markers, and did not express HLA-DR ( Figure 3A ). We also evaluated the expression of CD146 and CD271, recently described as markers of primitive, highly clonogenic, self-renewing, and multipotent MSCs interacting with HSCs in specific BM regions (33-36, 56, 57) . A robust reduction of CD146 + cell frequency and expression was observed in BT-MSCs compared with HDs (Figure 3 , B-D). The frequency of CD271 + cells was extremely low compared with CD146 + cells, according to reported data that indicated a rapid downregulation of CD271 in culture ( Figure 3B ) (58) . However, we were able to detect a decreased expression of CD271 in BT-MSCs ( Figure 3 , C and D). In conclusion, despite a canonical morphology and immunophenotypic profile, BT-MSCs showed an altered clonogenic capacity, a lower proliferation rate, and an inefficient differentiation capacity compared with HD controls. These alterations correlated with a robust pauperization of the most primitive stromal cell pool in vitro, as suggested by decreased expression of CD146 and CD271 markers. A reduced frequency of CD146 + cells was found in vivo when sorting CD45 -, CD105 + , and CD146 + cells from BM aspirates of BT patients, demonstrating that the alteration found in the primitive MSC compartment was not only an in vitro artifact ( Figure 3E) .
Iron uptake and storage in MSCs exposed to IO. Considering that iron is a potent source of ROS and increased levels of ROS are known to promote quiescence exit and stem cell activation in several biological systems (59, 60) , we investigated the IO state of the BM niche by measuring the concentrations of total iron and ferritin in the plasma of BM aspirates obtained from BT patients (n = 11) and controls (n = 7). Despite the regular use of iron chelation in patients, we observed remarkably higher levels of total iron and ferritin in BT BM samples compared with controls (Figure 4A) , with ferritin levels strikingly more elevated than the corresponding patient's peripheral blood values (mean total iron 171.77 μg/dl, range 69-236 μg/dl; mean ferritin 1617.6 ng/ml, range 181-3226 ng/ml; P = 0.05). This indicates a local state of IO, regardless of treatment with iron chelators, which may generate oxidative stress, altering the functional properties of MSCs (11, 52, (61) (62) (63) . We then studied whether MSCs were able to uptake and store iron excess, by analyzing the expression of iron transporter and ferritin genes. BT-and HD-MSCs expressed iron transporters (DMT1, ZIP14, ZIP18) at similar levels, whereas the expression The human BM niche includes several nonhematopoietic cells. Among these are mesenchymal stromal cells (MSCs), which offer physical support to HSCs and tightly control their fate (27) (28) (29) (30) (31) (32) . Different subtypes of MSCs interact with HSCs in specific regions of the BM niche, including CD271 + and CD146 + MSCs that have been described as primitive MSCs associated with long-term HSCs (33) (34) (35) (36) . Despite MSCs only accounting for approximately 0.001%-0.01% of mononuclear cells (MNCs) in human BM (37), they can be efficiently isolated from BM-MNCs and expanded in vitro thanks to their ability to adhere to plastic. Ex vivo-expanded MSCs are defined based on their spindle fibroblast-like morphology, expression of specific surface markers, and capability to differentiate into mesodermal lineages (38) (39) (40) (41) (42) . Apart from their stem/ stromal features, MSCs are characterized by both antiinflammatory and proinflammatory properties (43) (44) (45) . Because of these properties, MSCs have been employed in clinical settings of HSC transplantation to facilitate HSC engraftment and rescue patients with steroid-resistant acute graft-versus-host disease (46) (47) (48) (49) (50) (51) .
We hypothesize that in BT patients several stress signals, including oxidative stress, inflammation, and hypoxia derived from ineffective erythropoiesis, may alter the BM niche. Moreover, a negative impact of the altered microenvironment on HSC function has been shown in a mouse model of BT and in conditions of iron overload (IO) (11, (52) (53) (54) . Whether the BM microenvironment of BT patients is impaired, particularly at the cellular and molecular levels, and what mechanisms are involved in this injury, have not been clearly defined. In this work, we have characterized the biological and functional properties of MSCs obtained from BM of BT patients, and analyzed the role of IO on the hematopoietic supportive capacity of the BT mesenchymal compartment in vitro and in vivo.
Results
Isolation and characterization of MSCs from BT patients and healthy donor controls (HDs). MSCs were isolated from BM aspirates of BT patients according to standard protocols (55) . Similarly, MSCs were isolated from age-matched HD BM samples. HD-MSCs appeared as clones of fibroblast-like cells (CFU-Fs) starting from 5 to 7 days after plating. On the contrary, we observed a delay in the outgrowing and a significantly reduced number of CFU-Fs for BT samples (P < 0.0001) ( Figure 1, A and B) , highlighting an impaired clonogenic capacity of BT-MSCs. Despite a similar fibroblast-like morphology in culture ( Figure 1C ), BT-MSCs proliferated significantly slower than the HD counterparts ( Figure 1D ), underwent premature replicative senescence (median passage: HD = P10; BT = P7), and expressed a lower level of proliferating cell nuclear antigen (PCNA) ( Figure 1E ).
We further characterized the immunoregulatory properties, differentiation capacities, and immunophenotypes of BT-and HD-MSCs. To evaluate the immunoregulatory activity of MSCs on peripheral blood mononuclear cells (PBMCs), allogeneic phytohemagglutin-stimulated (PHA-stimulated) PBMCs were cultured in the presence or absence of HD-or BT-MSCs at different MSCto-PBMC ratios. BT-MSCs were effective in inhibiting PBMC proliferation to the same extent as HD-MSCs when plated at a high MSC-to-PBMC ratio. On the contrary, we observed a more robust antiproliferative effect of HD-MSCs on PHA-stimulated PBMCs of TFR1 was reduced in BT-MSCs ( Figure 4B ). At the basal level, FTL and FTH genes were highly expressed in MSCs, suggesting that MSCs may act as iron storage cells in the case of IO. The FTL gene was significantly more expressed in HD-MSCs compared with BT-MSCs, with a similar trend for the FTH gene ( Figure 4B ). Next, we evaluated the capacity of MSCs to uptake and store iron by treating cells with increasing doses of iron in culture ( Figure  4C and Supplemental Figure 1A ; supplemental material available online with this article; https://doi.org/10.1172/JCI123191DS1), provided as ferric ammonium citrate (FAC) (64) (65) (66) . Exposure to FAC reproduces in vitro non-transferrin-bound iron, which exceeds the buffering capacity of transferrin in BT patients (67) . In particular, we used 40 μM FAC, which mimics the amount of iron measured in the BM plasma of BT patients (average value of total iron in BT BM plasma: 169.45 μg/dl, corresponding to 30.72 μM). Iron transporters (ZIP14, ZIP18) were induced in BT-MSCs more efficiently than in HD controls. A similar trend was observed for DMT1 expression ( Figure 4C ). As expected, TFR1 was downregulated in HD-MSCs exposed to iron (63, 68) , whereas BT-MSCs upregulated the expression of TFR1, indicating an impairment in the iron-sensing machinery in vitro under IO conditions ( Figure  4C ) (63, 68) . In line with this, we observed a blunted upregulation of ferritin in BT-MSCs exposed to iron compared with controls (Supplemental Figure 1B ). Perl's staining confirmed the ability of MSCs to uptake iron after in vitro exposure to a high concentration of iron ( Figure 4D ). Importantly, we observed Perl's-positive cells in 6 of 7 BT-MSCs also at the basal level (i.e., before in vitro iron treatment) at early passages (P1-P2) in standard conditions. The Perl's-positive cells were never detected in control samples ( Figure 4D ). We reasoned that BT-MSCs may uptake and accumulate iron in vivo and retain some of this iron. In addition, we checked the expression of iron transporter genes in MSCs exposed to different doses of iron, considering iron fluctuation in the blood stream. We observed an inappropriate regulation of iron transporters in BT-MSCs treated with 5, 10, and 20 μM iron for 5 days (Supplemental Figure 1A ). Finally, we treated HD-and BT-MSCs with 40 μM iron for a prolonged period (21 days) to mimic in vivo chronic exposure. HD-and BT-MSCs accumulated intracellular iron, as shown by Perl's staining, and acquired a flat and enlarged morphology typical of senescent cells (Supplemental Figure 1C ). We couldn't extend iron treatment for longer time points because cells died. We confirmed that iron treatment activates a senescent program in MSCs by testing the expression of CDKN2A, which was upregulated in HD-and BT-MSCs after exposure with a trend for a more robust upregulation in BT-MSCs (Supplemental Figure 1D ). We concluded that, like other BM cell types (69, 70), BM-MSCs are able to uptake iron excess, possibly to protect HSC homeostasis and function (71) . However, we observed a dysregulation of the iron-sensing machinery in BT-MSCs, possibly due to prolonged iron exposure in vivo, which caused an excessive iron accumulation in vitro ( Figure 4 , A-D and Supplemental Figure 1A ). When we exposed BT-MSCs to an iron-chelating agent (deferoxamine [DFO] 100 μM for 24 hours), we observed a significant upregulation of TFR1 and ZIP14 in BT-MSCs treated with DFO compared with untreated cells ( Figure 4E ). Similarly, a trend of upregulated expression of DMT1 and ZIP8 was observed in DFO-treated cells ( Figure 4E ). We further evaluate the effect of Oxidative stress reduces the frequency of primitive MSCs. We hypothesized that prolonged iron exposure could generate high levels of ROS, inducing BT-MSCs to exit the primitive state. We measured ROS levels by flow cytometry and found significantly higher levels of ROS in BT-MSCs compared with HD-MSCs ( Figure 5A ), which inversely correlated with CD146 and CD271 expression ( Figure 3 , B-D). In addition, we observed that iron exposure in vitro significantly increased ROS levels ( Figure 5B ) and reduced CD146 frequency and expression in iron-treated HD-MSCs ( Figure 5C ). The frequency of CD271 + cells was not altered after iron treatment in HD-MSCs, whereas CD271 expression was significantly reduced ( Figure 5D ). The content of dead and apoptotic cells was similar in untreated and iron-exposed HD-MSCs, demonstrating that reduction of primitive MSCs was mainly caused by ROS-induced primitive state exit ( Figure 5 , E and F). We further investigated whether the exit from primitive state was linked to the activation of a senescent program in HD-and BT-MSCs at the basal level and after iron treatment. We found a trend for an increased expression of senescent-associated secretory phenotype (SASP) factors (IL1b, IL1a, and MIP-1a) in BT-MSCs compared with controls (Supplemental Figure 3A ). This may indicate that BT-MSCs are exhausted in attempts to counteract IO in vivo. Moreover, we showed a robust stabilization of p53 after 5 days of iron treatment in BT-MSCs (Supplemental Figure  3B ). We concluded that ROS generation after iron exposure correlated with a significant reduction of primitive MSCs in vitro. This mechanism may reflect a molecular alteration causing the reduction of CD146 + cells in vivo ( Figure 3E ). Importantly, ROS levels were increased in BT-MSCs compared with controls at different passages in culture despite BT-MSCs possibly having released iron deposits during ex vivo expansion, given their known ability although not significantly, in BT-MSCs compared with HD-MSCs, whereas a significantly lower expression of heme-oxygenase 1 (HMOX1) was observed in BT-MSCs, indicating a reduced stress defense ( Figure 6 , A-C). The inability to properly react against an oxidative stress was already present in BT-MSCs treated with low to uptake and release molecules (72) (73) (74) . To explain this finding, we investigated the efficiency of antioxidant response in BT-and HD-MSCs at the basal level and in response to different concentrations of iron. We found that the expression of superoxide dismutase 1 (SOD1) and glutathione synthetase (GSS) was reduced, doses of iron and was more evident with dose increase. In particular, BT-MSCs failed to robustly induce SOD1, especially at a high iron dose (40 μM), whereas the expression of GSS was reduced in BT-MSCs compared with HD controls starting from lower doses of iron and becoming significant at 10 μM iron ( Figure 6 , A and B). On the contrary, the expression level of HMOX1 was similar in BT-MSCs and HD controls when treated with iron ( Figure 6C ). Induction of ferroportin (SLC40A1) represents a protection mechanism against cytoplasmic free iron accumulation (75, 76) . We analyzed the expression of SLC40A1 in BT-and HD-MSCs at the basal level and after 5 days of iron exposure. While HD-MSCs robustly activated SLC40A1 when exposed to iron, BT-MSCs failed to rapidly induce SLC40A1, indicating an impairment in the iron export mechanism. When iron-treated HD-MSCs were cultured in normal medium (i.e., without iron), the expression of SLC40A1 returned to the basal level ( Figure 6D ). We concluded that the antioxidant response and the protection mechanisms against iron accumulation and oxidative stress were impaired in BT-MSCs, which failed to manage stress-induced ROS. When we exposed BT-MSCs to DFO, we did not observe a significant improvement in the antioxidant capacity of DFO-treated BT-MSCs, but only a trend toward a better response ( Figure 6E ). When we treated BT-MSCs with iron and DFO, we observed a robust induction of GSS. On the contrary, SOD1 expression was still dysregulated in DFO-treated cells ( Figure 6F) . A more robust effect could possibly be obtained by prolonged exposure to DFO, considering that BT-MSCs have been exposed for a long time to IO, which may have established an epigenetic memory in BT-MSCs, thus affecting their functionality. Finally, the use of an ironchelating agent could represent an option to at least partly restore the iron metabolic response of BT-MSCs in vitro.
Reduced hematopoietic supportive capacity of BT-MSCs in vitro and in vivo. Considering the key role of MSCs in controlling HSC homeostasis and function, we investigated whether the hematopoietic supportive role of MSCs was preserved in BT samples despite the alterations in the primitive MSC compartment and increased ROS levels. Figure 7 , A and B, shows our analysis of the expression of KITLG and CXCL12, which are critical for HSC engraftment, retention, survival, and proliferation (77, 78) . KITLG and CXCL12 expression were significantly downregulated in BT-MSCs compared with HD controls, especially in MSCs isolated from adult BT patients. Several adhesion molecules are involved in the retention of HSCs within the BM and favor the lodgment of transplanted HSCs (79, 80) . BT-MSCs expressed CDH2 at a lower level compared with controls, whereas VCAM was similarly expressed by BT-and HD-MSCs. ANGPT1 and VEGFA, which regulate HSPC quiescence (81) , were also markedly downregulated in BT-MSCs. In addition, in BT-MSCs we observed a substantial reduction of IL6 and FGF2, known to have a paracrine proliferative effect on MSCs and a supportive role for HSPC expansion (82, 83) . We concluded that the expression of several BM nicheassociated genes was reduced in BT patients. We speculated that prolonged iron exposure in vivo may induce an epigenetic remodeling of the BT-MSC gene expression profile, which could affect the expression of a broad set of genes, altering MSC functional properties. Indeed, several chromatin remodeling proteins and histone demethylases are iron responsive (84-86), including a large family of lysine-specific demethylases (KDMs), which are expressed in MSCs (Supplemental Figure 4A) . A robust reduction of H3K9 and H3K36 methylation in BT-MSCs may highlight a different epigenetic state of cells exposed to iron ( Supplemental Figure 4B ). It's noteworthy that 4 different published ChIP sequencing data sets showed that several BM niche-associated genes are specifically subjected to H3K36 methylation (Supplemental Figure 5) .
We checked the expression of the major hematopoietic supportive factors that were found dysregulated in BT-MSCs after DFO exposure. Notably, we observed that the expression of CXCL12 and VEGFA was significantly induced by DFO treatment. A trend of upregulated expression was also observed for ANGPT1 and IL6 after DFO exposure ( Figure 7B ).
Most importantly, we asked whether the reduced expression of BM niche-associated genes could be associated with an impairment in the hematopoietic supportive capacities of BT-MSCs in vitro and in vivo. We evaluated the ability of MSCs to promote HSC homing by transwell migration assay. The same amount of BT-and HD-MSCs was seeded in the bottom chamber well. BM-derived HSCs were plated in the upper chamber well in HSC medium conditioned by MSCs for 24 hours. We measured the number of CD34 + HSCs that had migrated toward the mesenchymal compartment 3 hours later. We showed that the capacity of BT-MSCs to attract HSCs was reduced in comparison to HD controls ( Figure 8A ). DFO treatment failed to restore the chemoattractive function of BT-MSCs ( Figure 8A ). Our preliminary results on histone methylation (Supplemental Figure 4) suggest that prolonged iron exposure in vivo may induce an epigenetic remodeling of the BT-MSC gene expression profile, which could irreversibly affect BT function.
We performed 2D coculture experiments to assess the capacity of BT-and HD-MSCs to sustain expansion and maintenance of primitive HSCs in vitro. After 3 days of coculture, we observed a positive effect of HD-MSCs on cord blood (CB) HSC expansion in the presence of cytokines (hIL6, hTPO, hFlt3, hSCF) (87), whereas BT-MSCs were less efficient in promoting CB CD34 + cell amplification ( Figure 8B ). In the absence of cytokines, CB CD34 + cell death was partially prevented by HD-MSCs. This prosurvival effect was less significant when CB CD34 + cells were cocultured with BT-MSCs ( Figure 8B ). Next, we studied the composition of CB CD34 + cells by FACS analysis after coculture, with the aim to define the percentage and the absolute number of primitive HSCs defined as CD45 + , Lin -, CD34 hi , CD90 + , and CD45RAon total CD45 + cells (Supplemental Figure 6, A and B) . We observed a significantly higher enrichment of primitive HSCs in CB CD34 + cells cocultured with MSCs, both in the presence and absence of cytokines. HD-MSCs were substantially more efficient than BT-MSCs in promoting the expansion and maintenance of primitive HSCs ( Figure 8C ). These results confirmed an impaired capacity of BT-MSCs to sustain primitive HSCs in vitro.
We then moved to an in vivo setting to test the ability of BTand HD-MSCs to facilitate HSC engraftment in a xenogenic transplant model. CB CD34 + HSCs were transplanted via intra tail vein injection into sublethally irradiated NOD/SCID/IL-2Rγ null (NSG) mice alone or coinfused with HD-or BT-MSCs. Six weeks after transplantation, peripheral blood samples were analyzed for the presence of hCD45 + cells. We detected a significantly lower percentage and absolute number of human donor cells in the jci.org Volume 129 Number 4 April 2019
cotransplantation strategies for autologous MSCs and gene-corrected HSCs to facilitate engraftment in BT patients. Finally, we developed a humanized ossicle model to investigate whether BT-MSCs are capable of forming a proper and supportive BM niche in vivo. As first, gelatin scaffolds preseeded with BT-or HD-MSCs with endothelial cells (HUVECs) were implanted under the skin of nonirradiated NSG mice according to a previously published protocol (88, 89) . Five weeks after implantation, humanized ossicles were collected and analyzed by histology. Hematoxylin and eosin staining of the ossicle sections showed the appearance of a bony structure colonized by hematopoietic elements of murine origin in HD-MSC ossicles. Newly formed sinusoidal vessels were also found when HD-MSCs were tested. On the contrary, a delay in the formation of BM structures was observed in BT-MSC-derived ossicles. Few bony cells were observed, with bone lacunae empty and colonized by few hematopoietic cells. A reduced number of vessels was also observed. Immature bone and abundant extracellular matrix were found. These data suggest that BT-MSCs, which are supposed to be fundamental elements in the formation and maintenance of hematopoietic cells in the BM niche, are altered in the ability to form a proper niche in vivo (Supplemental Figure 8 , A-C). Next, we implanted gelatin scaffold preseeded with MSCs, HUVECs, and human CD34 + HSCs into the flanks of NSG mice to understand whether BT-derived ossicles were capable of sustaining human hematopoiesis. Twelve weeks after implantation, ossicles were collected and analyzed by FACS and immunofluorescence to detect the presence of human HSCs. Importantly, we discovered that the percentage of hCD45 + cells detected by FACS in the collagenase-digested ossicles was significantly reduced in BT-derived ossicles compared with HD-derived ossicles (Supplemental Figure 9A ). We also analyzed the presence of hCD45 + cells by immunofluorescence on HD-and BT-derived ossicle sections (Supplemental Figure 9 , C and D) and confirmed a significantly higher number of CD45 + cells in HD-derived ossicles as compared with BT-derived ossicles (Supplemental Figure 9B ). Human mesenchymal elements were identified by human vimentin expression. These data suggest that BT-MSCs, which are supposed to be fundamental elements in the formation and maintenance of hematopoietic cells in the BM niche, are altered in their ability to form a proper niche in vivo, making them less capable of sustaining HSPC in vivo in the 3D niche model.
Discussion
In this study, we isolated BM-derived MSCs from patients affected by transfusion-dependent BT and age-matched HDs to investigate peripheral blood of NSG mice receiving the cotransplantation of CB CD34 + cells and BT-MSCs, as compared with cotransplantation of CB CD34 + cells and HD-MSCs ( Figure 8D ) (median human hCD45 + cells: HDs, 62.15%; BTs, 23.9%; P = 0.0019; median absolute number human hCD45 + cells: HDs, 24.078 cells; BTs, 5977 cells; P = 0.0048). As expected at 6 weeks after HSC transplantation, the vast majority of human CD45 + cells were differentiated into B cells (CD13 -, CD33 -, CD3 -, CD19 + ) in both transplantation settings (Supplemental Figure 7A) . At a later time point (12 weeks) we observed a similar level of hCD45 + cell engraftment in all 3 groups of mice that underwent transplantation ( Figure 8E ), but a significantly faster immunological reconstitution in terms of recovery of CD3 + T cells when HD-MSCs were coinfused with HSCs (median human CD3 + CD19cells: HDs, 13.4%; BTs, 5.9%; P = 0.023; median absolute number human CD3 + CD19cells: HDs, 10.273 cells; BTs, 4026 cells; P = 0.0046) ( Figure 8F and Supplemental Figure 7B ). Altogether, these results indicated that BT-MSCs are less efficient in favoring HSC homing and engraftment in vivo and less capable of accelerating immunological reconstitution after HSC transplantation than HD-MSCs, possibly due to the reduced expression of hematopoietic supportive soluble factors and cytokines. These results are relevant when considering malities have been observed in mouse models of IO (95) . In line with our data on ex vivo-expanded MSCs, CD105 + MSCs freshly isolated from human BT BM samples showed a limited capacity of osteogenic differentiation (96) . Despite several works that described enhanced adipogenesis in MSCs exposed to a high level of ROS (97, 98) , we observed a block in the adipogenic differentiation process, possibly due to the reduced presence of multipotent progenitors endowed with the ability to also form adipose tissue. Importantly, the reduced frequency of primitive MSCs is not an in vitro artifact. Indeed, we found a trend in vivo toward a decreased frequency of CD146 + cells in BM-MNCs obtained from BT patients as compared with those from HDs. Taking into consideration that phenotypic and functional differences in the BM niche stromal compartment, which could help explain the increased risk of graft rejection and mixed chimerism in these patients after HSC transplantation (90) (91) (92) . We discovered a significant pauperization of the most primitive MSC pool, which correlated with reduced clonogenic capacity, lower proliferation rate, earlier cell-cycle arrest, and impaired differentiation potential of BT-MSCs compared with HD controls. Our results show that BT-MSCs failed to differentiate into osteoblasts and form bone parallel with the bone disease typical of BT patients, including osteoporosis, growth impairment, spinal deformities, and fragility fractures, which represents an important cause of morbidity (93, 94) . Similarly, bone abnor- of the HSC compartment in BT patients and also the capability of the BM stromal compartment in BT patients to sustain HSC functions. In support of this hypothesis, we found a global gene repression of key molecules necessary to sustain hematopoiesis, including CXCL12, ANGPT1, VEGFA, FGF2, and IL6, that negatively affected the ability of BT-MSCs to attract HSCs in vitro, to sustain their expansion and primitive phenotype in 2D in vitro systems, to favor their engraftment and immunological reconstitution in xenogenic transplant models, and to form a proper BM niche in vivo. These results endorse the evidence of impaired HSC function caused by interaction with an altered BM niche in BT patients (54) .
Notably, we demonstrated a situation of iron accumulation in the BM niche of BT patients. Although IO due to chronic blood transfusions has been frequently observed in patients and animal models of BT despite the use of iron chelators (6, 7, 9) , here, for what we believe is the first time, we measured total iron and ferritin levels in the plasma of BM aspirates of BT patients before allogeneic HSC transplantation or HSC-GT and showed high levels of ferritin as compared with peripheral blood samples (P = 0.05), indicating that the BM niche is a site for accumulation of excessive iron. We demonstrated a direct role of MSCs in managing iron excess. We found that MSCs can uptake iron through iron transporters and TFR1, and express ferritin genes for iron storage (Figure 4 , B and C). A similar function has been described for macrophages at the systemic level and in the BM (99) . However, prolonged iron exposure may alter the iron sensing and storage machinery of MSCs, causing accumulation of cytoplasmic free iron and increasing ROS levels in BT-MSCs ( Figure  4 , C and D and Figure 5A ). In addition, we found an impaired antioxidant response in BT-MSCs, which may get exhausted in repeated and unsuccessful attempts to counteract oxidative stress. In fact, we observed a reduced expression of antioxidant genes in BT-MSCs, an altered activation of ferroportin (SLC40A1), and an inappropriate regulation of iron-related genes, such as TFR1, likely due to ROS production (100-102). According to our data, reduced antioxidant defenses have been measured in Mediterranean BT patients (103) . We demonstrated that increased ROS levels may be responsible for the pauperization of primitive MSCs and for the functional defects of BT-MSCs, as seen in other biological systems (59) (60) (61) 104) . Although further studies are necessary to dissect the epigenetic state of BT-MSCs, we speculate that iron excess may control the expression of several genes involved in MSC functionality by modulating the activity of iron-dependent chromatin-remodeling proteins (84) (85) (86) . It is noteworthy that CD146 + and CD271 + MSCs are supposed to reside closely in contact with quiescent HSCs in specific areas of the human BM niche (31, 34-36), any alterations, including their reduced frequency, could potentially introduce questions regarding the composition with pediatric samples, possibly due to more prolonged oxidative stress exposure. Finally, our results indicate the possibility of targeting the BM niche with the aim of reducing oxidative stress and potentially ameliorating the HSC transplantation outcome. We propose to first correlate BM niche iron levels with the transplant outcome data of BT patients undergoing both allogeneic HSCT or HSC-GT with the aim to look for possible associations between BM IO state and risk of graft failure and development of mixed chimerism (90, 91). If several genes involved in the hematopoietic supportive function of MSCs are specifically subjected to H3K36 regulation, whose methylation is controlled by a family of KDMs robustly expressed in MSCs. A reduced level of methylation correlates with a reduced expression of these genes in BT-MSCs. Importantly, in line with the observations that we made in the small group (n = 3) of adult BT patients, we intend to verify in a larger cohort whether the phenotypic and functional characteristics of MSCs isolated from adult patients are more affected compared Differentiation was evaluated after 21 days by proper staining and reverse transcriptase quantitative PCR (RT-qPCR). Adipogenic differentiation medium was made up of alpha MEM (Thermo Fisher Scientific), 1% penicillin/streptomycin, and 10% MesenCult MSC Stimulatory Supplement (STEMCELL), supplemented with 10 −10 M dexamethasone, 50 μg/ml l-ascorbic acid, 10 μg/ml insulin, 5 μM 3-isobutyl-1-methylxanthine, 0.2 −10 M indomethacin, and 0.5 mM β-glycerol phosphate (Sigma-Aldrich). Osteogenic differentiation medium was made up of alpha MEM, 1% penicillin/streptomycin, and 10% MesenCult MSC Stimulatory Supplement, supplemented with 10 −10 M dexamethasone and 50 μg/ml l-ascorbic acid. Starting from day 7 of differentiation, 5 mM β-glycerol phosphate was added to the medium. ROS measurement. ROS levels were measured using the Cell Rox Reagent (Thermo Fisher Scientific, catalog C10444) in HD-and BT-MSCs at the basal level or after 5 days of iron treatment, according to the manufacturer's instructions. Cell viability was analyzed by using 7AAD (BD Biosciences, catalog 559925) prior to analysis.
Iron tests. Determination of total iron (μg/dl) was performed on plasma samples from HD and BT BM aspirates using ferrozine-based reagent without deproteinization on COBAS C 8000 WKC/MET/027 (Roche). Determination of ferritin (ng/ml) was performed on plasma samples from HD and BT BM aspirates by electrochemiluminescence immunoassay (ECLIA) on COBAS C 8000 WKC/MET/027.
Perl's staining. Ferric iron was detected in HD and BT samples plated into chamber slide (Lab-Tek, catalog 154461) using the iron stain kit (Abcam, catalog ab150674), according to the manufacturer's instructions. Slides were mounted using the FluorSave Reagent for microscopic evaluation (Nikon, Eclipse Ni-U + DS-Fi-2).
Transwell migration assay. HD-and BT-MSCs (1.5 × 10 4 ) were plated into a 24-well plate for transwell migration assay. BM-HSCs (Lonza, catalog 2M-101C) were thawed in Stem Cell growth medium (CellGenix) supplemented with 1% penicillin/streptomycin, 1% glutamine, and proper cytokines (100 ng/ml hTPO, 300 ng/ml hFLT3, 300 ng/ml hSCF, 60 ng/ml hIL3) for expansion. The MSC basal medium was replenished 24 hours before starting the migration assay using HSC proper medium without additional cytokines for conditioning. BM CD34 + HSCs were collected, counted, and plated (1.5 × 10 5 ) into the transwell insert (Corning, catalog CLS3421) in 200 μl stem cell growth medium without any additional cytokines. Three hours later, cells in the bottom compartment were collected and stained with human CD45 + antibody (BD Biosciences, catalog 340910). The number of BM HSCs that migrated toward the bottom compartment was calculated as percentage of CD45 + cells on total number of seeded HSCs using the BD Accuri C6 flow cytometer, which allows direct calculation of cell concentration per microliter for each population of interest in a certain fixed time frame (2 minutes). Experiments were performed in duplicate for each sample (5 HD-MSCs and 5 BT-MSCs). Stem Cell growth medium containing 100 ng SDF-1 (Peprotech) was used as positive control. Cells were exposed to 100 μM DFO for 24 hours before performing the assay. Stem Cell growth medium without any additional cytokines or cells was used as negative control.
2D coculture of CB HSCs and MSCs. HD-and BT-MSCs were plated at a density of 7000 cells/cm 2 and expanded for 3 days. Twenty-four hours before starting the coculture experiment, CB CD34 + HSCs (Lonza, catalog 2C-101) were thawed in Stem Cell growth medium (CellGenix, catalog 20802-0500) supplemented with 1% penicillin/ this is confirmed, pretransplantation iron and ferritin levels in the BM plasma of BT patients may be employed in the future as potential biomarkers to estimate the degree of IO. Because of oxidative stress in the niche, it must be considered that the higher the level of iron accumulation, the higher the risk might be to transplant HSCs into an altered BM niche (92) . We believe that future interventions on the BM niche of BT patients are needed to diminish IO and oxidative stress, potentially affecting HSC transplantation outcome. In particular, our study may support the development of new biological conditioning strategies in BT patients with the aim to avoid further damage to the BM niche caused by chemotherapeutic agents (105) , and suggests that the use of conventional iron chelators is not sufficient to control iron accumulation in the BT BM niche, possibly because the iron chelators cannot properly reach this environment. Local delivery into the niche of iron chelators and/or antioxidants before the transplantation may represent a strategy to reestablish a less inflamed and more functional microenvironment and therefore eventually ameliorate transplantation outcome. Systemic administration of antiinflammatory and/ or antioxidant drugs before the transplant procedure might also be considered to reach the same objective, being more clinically feasible. In conclusion, we found an impairment in the biological and functional properties of the mesenchymal compartment of BT patients that affected MSC ability to properly sustain HSC functions in vitro and in vivo. We believe that a profound knowledge of the biology of the BM microenvironment is fundamental for the optimization of future transplantation strategies, especially in the context of HSC-GT, where the relationship between HSCs and the stroma may influence harvest and behavior in culture, as well as their engraftment kinetics after gene modification (106) .
Methods
Isolation and culture of BM-derived MSCs. Eleven BT patients were included in the study: 3 adults and 8 children. All patients were on a regular blood transfusion regimen and iron-chelation therapy with deferasirox. They all had a high pretransplantation transfusion requirement; comorbidities were mild. Patient BM was collected before HSC-GT or allogeneic HSCT, after obtaining patient or parental informed consent according to a protocol approved by the San Raffaele Ethical Committee. Control MSCs were obtained from residual BM cells of 9 age-matched HDs who donated BM for transplantation at San Raffaele Scientific Institute. MSCs were isolated according to a previously published protocol (55) . MSCs were cultured in DMEM+GlutaMAX (Thermo Fisher Scientific, catalog 10566-016) supplemented with 5% platelet lysate and 1% penicillin/streptomycin.
Fibroblast colony-forming unit assay. CD34 -MNCs were plated at a density of 1 × 10 5 cells/cm 2 in basal medium. Colony-forming units were stained with 1% crystal violet (Sigma-Aldrich, catalog C0775) and manually counted after 7 days.
Population doubling time. MSCs were plated at a density of 3 × 10 4 cells/cm 2 , detached, and counted at a confluence of 80%-90% using Trypan blue to distinguish live cells. Proliferative capacity was calculated as population doubling time according to http://www.doubling-time.com/ compute.php. Cell proliferation was followed from passage 3 to 7.
In vitro adipogenic and osteogenic differentiation of MSCs. For adipogenic and osteogenic differentiation, MSCs were cultured in proper induction medium according to a previously published protocol (55) . jci.org Volume 129 Number 4 April 2019
Statistics. All data are mean ± SEM. Statistical analysis was carried out using the Prism software (GraphPad). For statistical comparison, an unpaired, 2-tailed Student's t test was used. All the data meet the assumption of the statistical tests used. A P value less than 0.05 was considered significant.
Study approval. Human BM samples were collected after obtaining patient or parental informed consent according to the research protocol TIGET09 approved by the Ethical Committee of the San Raffaele Hospital, Milan. Animal studies were approved by the San Raffaele Scientific Institute and IACUC (number 648) and performed according to the Italian Ministry of Health guidelines for the use and the care of experimental animals.
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SC designed the study, performed most of the experiments, analyzed results and wrote the paper. VR, SR, and SP performed experiments and collected the data. A Aprile and LS contributed to the analyses of the results. SS purified CD34cell fraction from bone marrow aspirates and helped with critical discussion. MAA performed the immunomodulation experiments. RJH and LBR performed some of the in vivo experiments and flow cytometry analysis. MZ and SM critically read the manuscript. A Aiuti, GF, and FC critically read the manuscript and helped with scientific discussion. MEB advised on the study design, analyzed data, and contributed to the final writing of the paper. Address correspondence to: Maria Ester Bernardo, San Raffaele Telethon Institute for Gene Therapy (SR-TIGET), Pediatric Immunohematology Unit, San Raffaele Scientific Institute, Via Olgettina, 60; 20123 Milano, Italy. Phone: 39.02.26436329; Email: bernardo.mariaester@hsr.it. streptomycin, 1% glutamine, and proper cytokines (20 ng/ml hTPO, 100 ng/ml hFLT3, 100 ng/ml hSCF, 20 ng/ml hIL6) for expansion. MSC basal medium was replenished with HSC medium with or without proper cytokines for conditioning. CB CD34 + cells (2 × 10 5 ) were plated in 200 μl MSC conditioned medium on a MSC layer. After 3 days of coculture, CB CD34 + cells were collected by pipetting and live cells were counted using Trypan blue. The percentage of primitive CB CD34 + cells was evaluated by flow cytometry analysis. Cells were incubated with the following antibody mix: CD16 PE (BD Biosciences, catalog 332779), CD14 PE (BioLegend, catalog 301806) CD3 PE (BD Biosciences, catalog 345765), CD15 PE (BioLegend, catalog 301906), CD56 PE (BD Biosciences, catalog 345812), CD19 PE (BD Biosciences, catalog 345789), CD34 BV421 (BioLegend, catalog 343610), CD45RA APC-H7 (BioLegend, catalog 304128), CD45 BUV395 (BD Biosciences, catalog 563792), and CD90 APC (BD Biosciences, catalog 559869) for 10 minutes at room temperature in the dark. After washing with PBS plus 2% FBS, cells were centrifuged for 5 minutes at 1500 rpm and resuspended into 100 μl PBS plus 2% FBS. The capacity of MSCs to maintain primitive HSCs in vitro was evaluated by flow cytometry analysis using the BD LSRFortessa. Primitive CB CD34 + cells were defined as CD45 + , Lin -, CD34 hi , CD45RA -, CD90 + . Unstained cells were used as a negative control. Flow cytometry assay was standardized using SPHERO Rainbow Calibration Particles (8 peaks) (Spherotech). Analysis of flow cytometry results was performed using FlowJo software (Tree Star). Experiments were performed in triplicate for each sample (3 HD MSCs and 3 BT MSCs). CB CD34 + cells alone cultured in Stem Cell growth medium with or without cytokines were used as controls.
Transplantation of human CB CD34 + cells and MSCs into NSG mice. NSG mice were purchased from Charles River Laboratories and maintained in a specific pathogen-free animal facility. Adult female mice (7 weeks old) were sublethally irradiated (200 Gy) and transplanted via intra tail vein injection with 2.5 × 10 5 human CB CD34 + cells (mix from 4 different donors) alone or in combination with 1 × 10 6 human MSCs (mix from 6 different HDs or 6 different BT patients). Peripheral blood samples were collected 6 and 12 weeks after human cell coinfusion. All procedures were performed according to protocols approved by the Committee for Animal Care and Use of San Raffaele Scientific Institute. Whole blood counts were determined on 10 μl total blood using a Sysmex KX-21N hemocytometer. The presence of human cells was determined by flow cytometry using the following antibody mix: hCD45 APC (BD Biosciences, catalog 304012), hCD33 Vio-Blue (Miltenyi Biotec, catalog 130-099-485), hCD13 PerCP Cy5.5 (BD Biosciences, catalog 561361), hCD19 PE Cy7 (BioLegend, catalog 302216), and hCD3 PE (BD Biosciences, catalog 345765). Red blood cells were lysed using the Beckman Coulter TQ-PREP workstation. All samples were run on a BD Biosciences FACSCanto II cytometer. At least 10,000 were recorded. Flow cytometry results were analyzed using FlowJo software.
